TM is a miniature nanopore-based analysis device in which the characteristics of an analyte, as it passes through the nanopore, cause changes in the flow of ions through the pore, which are measured, as current flow, by a low noise amplifier and analogue-to-digital converter. Potentially any molecular analyte capable of passing through the nanopore may modify the flow of ions and generate a signal which might be diagnostic. In practice the current device is focussed on DNA sequencing, directly sequencing RNA is a likely development. With the MinION Access Program making the MinION TM widely available a flood of applications exploiting its real time, long read capabilities have been published. We review the background to the technology and compare it to current next generation sequencing.
I. INTRODUCTION
 Schadt 
II. NEXT GENERATION SEQUENCING
The technology for sequencing DNA is evolving at an unprecedented rate, generating unprecedented amounts of data and driving an enormous amount of research in biology. In this review we look at comparing nanopore sequencing with the current technology, second generation, amplification-based, massively parallel sequencing and the emerging third generation single molecule, long read sequencing, as exemplified by the PacBio RS II sequencing platform.
Second generation sequencing
Sanger sequencing (2) has been at the heart of molecular biology since the 1970s and evolved over 30 years into a powerful technology (3, 4) . Massively parallel amplification-
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Received varying from a few hours, for lower data yields and/or read lengths, to days for larger sequencers producing massive data (3, 4) . Sample collection and transport, sample preparation, sequence data collection, base calling and data analysis are sequential processes.
Short read lengths, even with increasingly lower error rates, have required massive bioinformatics software development and need significant bioinformatics effort in the data analysis step (13) and analytical results only emerge at the end of the pipeline. So, although second generation sequencing has revolutionized many aspects of biology some applications are still limited.
Genomics
The limitation of short read lengths and errors is overcome by high coverage but repeat regions which are longer than read length are still a barrier. Even for prokaryotic whole genomes almost all whole genome sequences deposited in Genbank are draft whole genomes with multiple contigs and potential mis-assemblies (14) . Prokaryotic whole genomes with multiple ribosomal RNA operons seldom have more than one 16S gene in the draft, and sometimes none.
Transcriptomics
Whole genomes are relatively static, strains can be main- bias found in transcripts as a result of mRNA degradation, needs even higher coverage. Quantitative data needs higher coverage still and careful quality control (19).
Modified bases
Short read RNA-seq for transcriptomics involves fragmentation and cDNA preparation for sequencing. Both these steps lose information. Assembling full length transcripts from short reads is problematic, so for example, in cancer studies, where multiple mutations may be present, it may not be possible to distinguish different isoforms with only a single mutation each, from a single isoform with multiple mutations (20) . RNA is also subject to heavy posttranscriptional chemical modification of bases, such as methylation, that may modify function and stability (21), information lost in conversion to cDNA.
Metagenomics
In metagenomics, the DNA sample comes from an heterogeneous assemblage of microbes perhaps with 1,000s of species, for example estimates in soil are of the order of tens of thousands (22) , and sequence data is noisy and partial.
Metagenome size can be estimated as the sum of genome sequence the fraction P 0 of genomic DNA size G is:
As described for mRNA abundance in transcriptomics, the abundance of different species in microbial communities also varies over many orders of magnitude, so dominant members may be highly represented while the minority community is only sparsely sampled.
The linkage between the DNA fragments and the cells they come from is lost on cell lysis and DNA fragmentation.
So assembly of short fragments even into short elements, such as genes, operons or pathogenicity islands, is dependent upon DNA sequence alignment, with multiple homologous genes, in different genomes, which are related at taxonomic levels from members of the same species population to species in different phyla. 
Modified bases
Because DNA is sequenced directly, with no amplification, any modified bases are retained in the template. However, PacBio sequencing is sequencing by synthesis, using fluorophore labeled standard DNA bases. However, the sequencing is captured real time on video and the kinetics of incorporation differ for modified bases (42) . These kinetic signatures have been used to map methylated adenines in a pathogenic
Escherichia coli genome (43) and offer the potential to detect other modified bases.
Transcriptomics
The long reads potentially allow the sequencing of full At least some can be discriminated in the α-hemolysin (Fig. 4B) . As each pore may sequence multiple strands sequentially the overall rate, and the yield, is determined by both the speed of translocation of DNA through the pores and the rate of capture of DNA strands, or the pore occupancy. That rate of capture is limited by rates of diffusion and template DNA concentration.
Bioinformatics
Bioinformatics development has been essential for second generation sequencing, but base calling and the downstream bioinformatics is fundamentally different for third generation nanopore sequencing, and is a work in progress. Essentially the signal generated at each event, as a nucleotide ratchets through the constriction(s) in the nanopore, reads a kmer, a combination of bases influencing the signal, in a sliding window, rather than a base by base call out of the sequence.
The noisy signal has characteristics of duration, mean current level and noise (standard deviation) which can be modeled as hidden Markov models (78). The continuous signal needs to be segmented (79) 
Applications
Initial efforts were to achieve alignment of sequence reads with known sequence (87) . In fact a burn-in experiment with a standard lambda DNA sample supplied by Oxford
Nanopore is an obligatory step in the initial use of the MinION in the MAP. From failure to even match sequence reads using BLAST against the correct, known sequence (84) to easy identification of virtually all reads (1D and 2D -see later) to lambda phage as the top hit using BLAST by us (R7.3 chemistry) and probably most users, followed rapidly (Fig. 5). 
Sample preparation
One potential advantage of nanopore sequencing is minimal sample preparation. For the MinION sequencing kit the initial DNA sample needs to be a long, double stranded DNA with A-tails. A master mix of adapters is ligated to the DNA to produce the complex of dsDNA, blocking oligomer, motor protein, primer, hairpin adapter and tether (Fig. 6) , which address the issues with implementing nanopore sequencing outlined earlier. However, careful preparation of the dA tailed fragments is necessary. A starting sample of about 1 μg of pure, high molecular weight DNA is needed. This DNA will probably be of variable fragment size, have ragged ends and some damage (88) . So fragmentation to known fragment size, optionally a preCR repair step (88) † , end repair and dA tailing (Fig. 6) are necessary preliminary steps. Currently to ensure each step proceeds optimally the DNA products from each step are purified by magnetic bead purification. So the full protocol requires, in addition to DNA purification from the sample, about 9 steps and 5 kits, in addition to the Nanopore sequencing kit (Fig. 6 ). (89)) text file. However, to extract the fastq or fasta data or to visualize other data such as the events, as a squiggle plot (Fig. 8) , there are two software packages developed by users:
Poretools (91); and the poRe library (92) for R (93).
The error profile of MinION reads means that many of the tools for next generation sequence data do not work. Initially, aligning MinION reads against the reference sequence using BLAST was not successful and the LAST aligner (94), using adaptive sized seeds for alignment, rather than the fixed sized 11-mers used by BLAST, was much more successful in aligning MinION reads to reference sequences. However, with improving data, in our hands BLAST alignment is also usually successful. Aligning against a reference allows correction of the error prone long reads with coverage (Fig. 9) . were then assembled, but the assembly was 'polished' using the signal-level data to get 99.5% nucleotide identity.
RNA
Currently the MinION sequences RNA from its cDNA copy, although direct sequencing of RNA has always been a likely application (59, 106, 107) . produce the data volumes to match the sample sizes e.g. the estimated ~1,000 Gb soil metagenome (24) , nor to match the data produced from second generation sequencers (4, 5).
Point of care
The portability and relatively low cost, for individual there have been significant advances which many of these applications will benefit from. And it is clear that there is significant room for improvement in both base calling and bioinformatics data analysis so that, even without the expected improvements in both the hardware and experimental protocols, the technology is likely to improve.
